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This paper studies the feasibility of predicting the interaural time difference (ITD) in azimuth
and elevation once the personal anthropometric interaural distance is known, proposing an
enhancement for spherical head ITD models to increase their accuracy. The method and
enhancement are developed using data in a Head-Related Impulse Response (HRIR) data set
comprising photogrammetrically obtained personal 3D geometries for 170 persons and then
evaluated using three acoustically measured HRIR data sets containing 119 persons in total.
The directions include 360° in azimuth and —15° to 60° in elevation. The prediction error for
each data set is described, the proportion of persons under a given error in all studied directions
is shown, and the directions in which large errors occur are analyzed. The enhanced spherical
head model can predict the ITD such that the first and 99th percentile levels of the ITD
prediction error for all persons and in all directions remains below 122 p.s. The anthropometric
interaural distance could potentially be measured directly on a person, enabling personalized
ITD without measuring the HRIR. The enhanced model can personalize ITD in binaural

rendering for headphone reproduction in games and immersive audio applications.

0 INTRODUCTION

The Head-Related Transfer Function (HRTF) and its
time-domain equivalent Head-Related Impulse Response
(HRIR) characterize the sound localization of a person.
Sound localization with humans uses both binaural and
monaural acoustical cues, both contained in the HRTFs [1—
3].

Interaural time difference (ITD) is a function of space,
changing with sound direction in azimuth and elevation.
ITD models are generalizations of the ITD for a given head
size describing ITD as a function of the angle of sound
arrival. It is a great advantage in applications requiring
binaural rendering if personal ITD can be predicted with
sufficient accuracy without having to know the person’s
full HRTF, such as in gaming or when access to completely
personal HRTF data is not available.

Woodworth and Schlosberg [4] derived an ITD model for
arigid sphere of radius 7, or the spherical head (SH) model.

*Correspondence should be addressed to: Aki Makivirta, Gen-
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The ITD is based on the difference between propagation
path lengths of the sound to each ear. The zero elevation
ITD as a function of azimuth angle ¢ expressed in degrees
for a head radius r is

Lr(¢ + sin ) 0<¢=<90

w(d) = %r(lgo_d)_i_sinq)) 90 < ¢ < 180,

ey

where c is the speed of sound in air.

Kuhn [5] continued with the SH model and derived the-
oretical ITD at zero elevation from the analytical solution
for scattered wave at the surface of a rigid sphere. He also
obtained different ITD values for low (<500 Hz) and high
(>2 kHz) frequency sound. The Kuhn ITD model is

3rsin ¢

(b)) = P < 0.5kHz, 2)
2r sin ¢

x(d) = P < 2kHz. 3)

Benichoux et al. [6] found the Woodworth formulation
to work well for high frequencies, but at low frequencies,
the Kuhn formulation [Eq. (2)] is more accurate.
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The ITD models of Woodworth and Kuhn describe only
the horizontal plane. They are also of significantly different
shape and differ for the same head radius particularly close
to the 90° and 270° azimuths.

Larcher and Jot [7] and Savioja et al. [8] introduced the
elevation into simplified spherical geometrical ITD models.
The Larcher model for azimuth ¢ and elevation 9 is

t.(d,0) = L (arcsin(cos 0 sin ¢) + cos 6 sin ¢), “4)
c

and the Savioja model is

r(sin ¢ + ¢) co
2c

ts($, 0) = s6. 5)

These models do not include torso or shoulders, and the
simplified spherical geometrical representation of the head
is completely described with only the head radius. The ear
channel entries are on the diametrically opposite sides of
the sphere (antipodal).

These SH ITD models using only the head radius r are
not linked to any single measurable dimension of the hu-
man head and assume non-realistic antipodal ear channel
entry locations. Nevertheless, the head radius remains an
important concept in the literature because it represents the
general size of the head, linked to ITD magnitude.

Several methods have been suggested for obtaining rel-
evant values for the head radius r. It is suggested that the
head radius is taken to be the radius of a sphere having the
same circumference as the head [9].

Algazi etal. [10] used the cardinal head dimensions (head
height, width, and depth) in 25 subjects measured in pho-
tographs. They found linear combination coefficients of
the head dimensions to produce the Woodworth head ra-
dius [see Eq. (1)], giving the best match to measured ITD.
They called this the optimal head radius, and it is given as

Ty =O.51w1/2+0.019h1/2+0.18d1/2+32 mm. (6)

This is defined using the half-width wy,, half-height
hi2, and half-depth d /; of the head.

Bombhardt et al. [9] used the Woodworth and Kuhn mod-
els with the optimal head radius from Algazi et al. [10] to
find the head radius error that will cause audible differences
in the ITD. This head radius error is shown to be more than
5-7 mm, depending on the direction of the sound source.

Sridhar and Choueiri [11] expanded the Algazi optimal
head radius to elevation for the Woodworth and Kuhn mod-
els. They made the head radius a function of the eleva-
tion, achieving a slightly improved fit to the measured ITD
without giving a calculation model. A similar effect was
obtained by Romblom and Bahu[12] extending the SH by
adding a block in the middle of the SH and changing di-
mensions of this block with elevation to fit the measured
ITD better. Both [11] and [12] methods require knowledge
of the full ITD before the model can be known, and they do
not present a generally applicable model that could predict
ITD for an individual prior to measuring the ITD.

Head width, depth, and height are the main factors de-
termining the magnitude of ITD [5], and several authors
[13-16] improved the SH model by considering these car-
dinal head dimensions. In fact, one aim of Romblom and
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Bahu was to use a head shape that better resembled the
human head, and a more human-like head shape could be
to model the head as an ellipsoid.

Studying the importance of the main features of the head,
neck, and upper torso in contributing to the ITD and ILD,
Cai et al. [17] found the SH model to be a fair simplifi-
cation in describing the main features of the two, whereas
an ellipsoid head shape had the highest improving effect.
Duda et al. [13] described an ellipsoid head shape defined
with the head width, depth, and height and also considered
the ear positions, solving the sound propagation path geo-
metrically. This more complex ITD model, in terms of the
number of parameters, is reported to outperform the SH
models.

Bomhardt and Fels [14] and Bomhardt et al. [15] de-
scribed an ellipsoid having the width w and depth d of a
head and then found a radius r, as a function of the azimuth
angle ¢,

w

Ve(¢) = > (7)
\/1 — (£ cos? §)

Then they continued to find an analytic solution of the in-
cident pressure and scattered pressure around a rigid sphere
defined by this radius, finding HRIRs that then yield the
times of arrival (TOAs) of sound for the left and right ears
as the mean group delay in the frequency range 500 Hz—
2 kHz. The difference of the TOAs is the ITD. Although
the cardinal head dimensions spanning an ellipsoid form
are used in the outset, this model finally describes the ITD
using the SH shape.

Algazi et al. [10] and Bomhardt and Fels [14] disagreed
about the relative importance of cardinal head dimensions.
Whereas Algazi et al. found that the least important head
dimension is the height, Bomhardt and Fels found it to
be the depth. This demonstrates that there is no agreed
mapping between the cardinal head dimensions and head
radius used in spherical ITD models. However, both sets of
authors considered head width, linked to the anthropometric
interaural distance (AID), to be important.

Although the use of the cardinal head dimensions is an
important step in bringing the SH model closer to reality,
head dimensions are challenging to unambiguously mea-
sure and can therefore contain measurement inaccuracy,
reducing their value in increasing the predictive accuracy
of a model employing them. Models of the ITD assuming
antipodal ear channel entry locations are front-back sym-
metric. Several SH models fall in this category. Measured
ITD is not front-back symmetric, particularly for elevations
above the horizontal plane, and this indicates the necessity
to include non-symmetricity in a model predicting the I'TD.

Aaronson and Hartmann [18] used an analytical solu-
tion of the scattered wave on an SH and demonstrated the
Woodworth formula, which is defined on the horizontal
plane, to predict the ITD well in high frequencies (>1.5
kHz). They presented extensions to Woodworth’s model to
include more realistic non-antipodal ear positions on the
horizontal plane. Although they only described a model on
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the horizontal plane, the ITD model proposed by Zhong
and Xie [19] can also describe asymmetricity of ears.

Duda et al. [13] and Ziegelwanger and Majdak [16] de-
scribed models that include representation of ear positions
in the elevation and allowed using the SH model to predict
ITD also in elevation. Ziegelwanger and Majdak [16] con-
tinued to use an SH model while allowing the ear positions
on the head to be adjusted. They proposed two models for
estimating the ITD using the TOA of the sound. The first
model allows specific ear positions on the sphere relative
to the center of the sphere. The second model also allows
displacement of the head center away from the center of
the coordinate system, typically defined by the measure-
ment system layout. Using the first model, the direction-
dependent path length on the ipsilateral side is

s; =r, (1 —sin6,sin6
— cos 6, cos 6 cos(d, — D)), 8)
and on the contralateral side it is
sc = r; (1 + arccos(sin 6, sin 6

+ cos 6, cos 6 cos(d, — P)) — g), 9)

where the ear positions on the head are obtained by fitting
the model to known ITD and given as azimuth ¢, and ele-
vation 6, of the ear for a head radius r,. When the ipsilateral
side is on the left hemisphere, the ITD becomes

§i — 8¢

T, = (10)

c

In addition to explaining the ITD using a simple geom-
etry model, several alternative approaches to explain ITD
are proposed. Brown and Duda [20] presented a direction-
related decomposition of HRIRs recorded with real head
measurements to explain the direction-dependent structure
of HRIRs including azimuth and elevation of the sound
source location. Although they present a model to explain
the pressure events at the pinna, this approach does not offer
a method of estimating values for the parameters needed to
describe the HRIR model without first knowing a person’s
HRTF, making it difficult to use this model to predict the
ITD for a person.

Another direct approach to describe the HRIR is given
by Gamper et al. [21-23]. They used 3D head scans to
simulate ITD based on the geometrically shortest acoustic
wave propagation on the surface mesh describing a person’s
head. This method has the potential to produce an accurate
ITD model because the estimate is derived using a precise
3D head data. Because detailed head geometry is required
for the prediction process, this approach is not simple to
use.

Zhong and Xie [19] fit the Fourier series to ITD data
to predict ITD in azimuth at zero elevation once three
anthropometric dimensions (tragial distance, pinna pro-
truding height, and tragial backward circumference) are
known. This model describes the individual characteristics
as weights to the fundamental and second to fifth harmonic
frequencies. The model exhibits front-back asymmetry and
is based on a statistical fit to measured ITD data from 52
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subjects, although the performance of the model is demon-
strated on only four individuals.

The principal component analysis by Aussal et al. [24]
uses a spherical harmonics model of the ITD and presents
ITD variance with three orthogonal axes contained in the
matrix of spatial basis functions A and weights w for each
person and each axis:

Aw=r. (11

Three principal components describe most of the
variance. Correlating these components to physically
meaningful anthropometric dimensions can establish the
most relevant anthropometric features. Although the au-
thors presented the linkage of the most significant
principal components to anthropometric features, they
did not present a prediction model on the level of
an individual.

Approaches that study the HRIR in the time domain
(Brown and Duda [20] and Gamper et al. [21-23]) or the
frequency domain (Zhong and Xie [19]) or approaches that
analyze the 3D shape of the ITD (Aussal et al. [24]) do not
currently offer prediction of the ITD from easy-to-obtain
anthropometrics. The SH models show potential for predict-
ing the ITD from anthropometrics and have been improved
to representing personal details, such as the head shape and
ear location on the head.

The goal of the present paper is to study the feasibility
of achieving personal ITD prediction with minimal input
data about personal anthropometrics. Instead of using the
abstract concept of the head radius, the input data used in
this paper is the AID, a measurement of the direct geometric
distance between the entries of the two ear channels. This
measurement is related to the head width, observed to have
the highest correlation with the maximum ITD value over
other head dimensions [25]. Mapping between the max-
imum ITD and AID is presented, and then the SH ITD
model is used to map the AID and ITD across the full
range of azimuths and elevations. A local correction term
is provided to improve the model fit. To do this work, four
HRTF data sets comprising personal HRTF data of a total
of 289 persons are used. The studied directions cover all
the azimuth directions and —15° to 60° angles in elevation.
Azimuth and elevation angles, coordinate system, and axis
definitions follow AES Standard 69:2015 [26], and angles
are given in degrees.

HRTF results from anatomic features and shapes of the
upper torso, head, and external ears. Wearing headphones
therefore eliminates the HRTF. Processing audio signals
with HRTF filters can recreate binaural 3D sound experi-
ence when headphones are used. ITD is a strong cue for
localization and a significant feature to personalize in bin-
aural processing [27].

Obtaining complete personal HRTFs can be difficult and
time-consuming, and methods to produce individualized or
personalized versions of general HRTFs or find the best
likelihood fit in an existing HRTF in a database are pop-
ular [28, 29]. Personalization can involve first creating a
minimum-phase presentation of the generic HRTF and then
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adding the individualized personal ITD as a part of signal
processing during binauralization [30, 27].

1 HRTF DATA SETS

The data used in the analysis in this paper consists of
119 measured and 170 computer-modeled HRTFs. The
computer-modeled HRTF data set [31] includes 170 ran-
domly selected persons, who gave their consent for re-
search use of anonymized data. The data is produced using
a photogrammetric method [32]. The method uses a video
scan of the person’s head and torso region. A 3D triangu-
lar mesh model of the person’s external ears, head, neck,
shoulders, and upper torso region is constructed and scaled
to have the correct dimensions. Acoustic pressure fields
are computed for a 2-m source distance with BEM soft-
ware by solving the associated Helmholtz equation in the
frequency-domain, similar to [33-36], for 836 directions in
azimuth and elevation. The HRIR length is 1,024 samples
and duration 21.3 ms. The sampling rate is 48 kHz. This
data set will be referred to as DS1.

The measured personal HRTFs are adopted from the
public-domain CIPIC, ARI, and ITA HRIR databases. The
CIPIC HRIR database [37] contains 43 personal acous-
tically measured HRTFs taken with the closed meatus
method. Of these, 37 subjects could be used as the data
set in the analysis because they also had anthropometric
data. A paraboloid surface is fitted close to the maximum
ITD to find the maximum ITD values and their locations in
the azimuth-elevation space. The HRIR data in CIPIC has
a large gap close to the maximum ITD locations, and the
paraboloid interpolation to find the maximum ITD location
did not converge for four persons, so they were excluded.
Thirty-three persons could be used in the data set. The
HRTF is measured in 1,250 directions at 1-m distance. The
measurements are taken with 44.1-kHz sampling rate, and
the HRIRs are windowed with short Hanning window ta-
pers at the start and end of the captured HRIR to remove
room reflections in the measurements. The resulting HRIRs
are 200 samples in length and have a 4.5-ms duration. This
data set is referred to as DS2.

The ARI HRIR database [38] contains 44 subjects with
full anthropometric details, and all of these could be used.
The HRTFs are measured in a semianechoic room with the
closed meatus method in 1,550 directions at 1.2 m. The
horizontal and vertical range is 360 and —30 to 80, respec-
tively. The sampling frequency is 48 kHz. The head orienta-
tion is monitored to ensure accuracy before acquiring each
measurement. The impulse responses are windowed with
asymmetric Tukey window with 0.25-ms onset and 1-ms
fade out at the end to a 5.33-ms duration. This data set is
referred to as DS3.

The ITA HRIR database [39] contains 48 subjects, with
a set of 42 subjects who could be used in this work. Three
subjects did not have the full set of data and could not be
included in the analysis. Three subjects were excluded be-
cause of problems in the continuity of the ITD data and
issues in the sampled impulse responses. The measurement
setup consists of 64 loudspeakers at the radius of 1.5 m with
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a 2.5° spacing from 1.55°-160° zenith in a semi-anechoic
chamber, resulting in 2,304 directions. Closed meatus im-
pulse responses are cropped to 256 samples. The sampling
frequency is 44.1 kHz. This data set is referred to as DS4.

These data sets come from varied types of adult popula-
tions, contain both male and female listeners, include both
acoustically measured and numerically modeled HRIRs,
and therefore offer a good basis for understanding how gen-
erally the ITD prediction model can cover adult population
with typical anthropometric variation.

2 AID

In this work, AID is used as the descriptor of the person’s
ITD. Traditionally the concept that is used for describing
the effect of the head size to ITD is the head radius; how-
ever, head radius cannot be directly measured on a person.
Mostly the head radius is calculated (backward) as the ef-
fective head radius, the value that yields the measured ITD.
Methods to predict the value that should be used as the head
radius for humans have been suggested.

The AID is estimated in DS1-DS4 in the following ways.
For the DS1, the AID is computed as a the direct distance
between the ear channel entries, measured in the 3D ge-
ometry data of each person. The performance of the 3D
video scanning method applied in DS1 is studied by com-
paring the 3D model generated using the video scan method
of the Kemar mannequin to the mannequin manufacturer’s
3D data [32]. The distance between the ear channel en-
tries in the 3D video scan (130.1 mm) agrees well with the
manufacturer 3D data (129.3 mm) in the Kemar head.

For the DS2 data, the AID is not directly available, and
the published information [10] on the DS2 data does not
give full disclosure of how the anthropometric measure-
ments were taken. The exact method of obtaining the “head
width” (x;) is not explained and appears to measure the
maximum width of the head. This work shows that this is
not the same dimension as the AID because the ear chan-
nels open into cavum conchas, and direct measurements of
the AID address the distance at the cavum concha bottom
where the ear channel opens to the skull. In [10], “cavum
concha depth” for both ears dg and d|¢ has been given. Only
a part of this value is the radial depth of the cavum concha.
As the cavum concha is typically slightly inside the skull
surface, to obtain the reasonable estimate of the AID, a
combination of the “head width” (x;) and “cavum concha
depth” ds, di¢ measurements are used:

dy  dis
2y=x — (2440,
7, X1 <2+2>

For DS3, the anthropometric data reported contain mea-
surements of the head width and concha depths for each
person, defined in the same way as for DS2. For DS4, the
head width value comes from the MRI image data for each
person, and the concha depths are not available, so the mean
of the pooled concha depth data from data sets DS2 and DS3
is applied. The mean concha depths for the data sets DS2
(9.8 mm; N = 33) and DS3 (13.6 mm; N = 44) are slightly
different. The pooled mean becomes 12.2 mm.

12)
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65
Half AID (mm)

Fig. 1. Anthropometric interaural distance (AID) distributions
in data sets (DS1-DS4). Note that data in each 5-mm AID span
is represented side-by-side for the data sets for sake of clarity.
The histograms are calculated for 5-mm bin widths, located at the
same center values for all data sets. The bins at the same center
value are grouped together, with the center value indicated on the
horizontal axis.

Table 1. Anthropometric interaural distance (AID).

Mean Median SD
Data set N (mm) (mm) (mm)
DS1 170 136 136 10
DS2 33 136 136 8
DS3 44 140 140 6
DS4 42 130 132 6
All 289 136 135 10

The distributions of the AID for the data sets shows
differences that are related to the methods of measuring
head width and concha depth and variation of the population
in the samples (Fig. 1; Table 1).

3 MAXIMUM ITD MAGNITUDE AND DIRECTION

Several methods are used for estimating the ITD from a
set of HRTFs. Katz and Noisternig [40] and Andreopoulou
and Katz [27] presented reviews of the most common ITD
estimation methods. ITD estimators that operate on low-
pass—filtered HRIR are reported to have good match to
subjectively estimated ITD. In preparation for this study,
several well-performing methods reported in [27] were
evaluated for accuracy and robustness across all the data
sets.

When the HRIR low-pass—filter corner frequency re-
duces, the ITD estimated by a threshold detector changes
systematically (Fig. 2), making the correct ITD value am-
biguous. Additionally, the measured HRIR data contains
inherent measurement noise preventing the use of low-
threshold values.

Because low-pass filtering prior to estimating ITD can
contribute a systematic change (Fig. 2), low-pass filtering
is not considered suitable for this analysis of the value and
location of the maximum ITD. Uncertainty regarding the
ITD value could be avoided by using a cross-correlation
method and no low-pass filtering. Cross-correlation shows
less systematic change of the ITD estimate with changing
low-pass corner frequency, and the estimated value remains
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Fig. 2. The effect of low-pass filtering to the interaural time dif-
ference (ITD) value. The ITD value shown is the mean across
all persons. The HRIR closest to the direction azimuth 80°, zero
elevation, is low-pass—filtered, and the ITD is detected using the
threshold method at —15-dB threshold level (a) and the cross-
correlation method (b). The low-pass filter is a fourth-order max-
imally flat magnitude filter with linear phase. DS = data set.

relatively stable when the HRIR bandwidth is not severely
limited.

The cross-correlation method originally described by
Nam et al. [41] finds the maximum cross-correlation be-
tween an unfiltered HRIR and its minimum phase version,
individually for both ears, and takes the difference in the
lags for the correlation maxima in the left and right ears as
the ITD value. This method is called “PhminXcorr” in [27],
and an implementation of this is available as a MATLAB
code in [42].

When HRIR low-pass filtering is not used, the Nam et
al. ITD detector is considered the best after the interaural
cross-correlation (IACC) method for the normalized sum
of success rates at one just-noticeable difference (JND)
level [27]. However, it was observed that the IACC method
does not produce reliable ITD estimation when the audio
source is located laterally. The Nam et al. method is less
susceptible to correlation lag determination errors when
correlating between left and right ear HRIRs, unlike the
TACC method [27].

The maximum ITD values and their locations in the
azimuth-elevation space are found by fitting a paraboloid
surface to the ITD values close to the maximum. The
parabolic surface is fitted in the range 75°-105° or 255°—
285° in azimuth and —10° to 20° in elevation. A weighting
is applied such that the highest weight is assigned closest
to the maximum of the ITD values.
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Fig. 3. The maximum interaural time difference (ITD) magnitude locations for each subject (DS1, N = 170; DS2, N = 33; DS3, N =

44; and DS4, N = 42). DS = data set.

The locations of the pooled mean maximum ITD across
all the data sets is 91.4° azimuth and 4.7° elevation for the
left ear and 268.6° azimuth and 5.2° elevation for the right
ear. The four data sets agree well on the directions of the
maximum ITD (Fig. 3).

The angular sampling intervals in the azimuth and ele-
vation directions differ between the data sets. The data sets
generally do not contain a measurement in the direction
of the maximum ITD. For example, DS2 has a directional
sampling plan that has a 20° quantization of the angle close
to 90° and 270° directions. A 2D paraboloid fit is used in
the vicinity of the anticipated location of the ITD maxi-
mum, and this also helps to handle outliers and noise in the
ITD value data. This approach enables comparison of the
maximum ITD data across data sets. In a few cases, it was
not possible to find an estimate of the maximum ITD, and
these persons were excluded, as explained in SEC. 1. The
four data sets show similar distributions of the ITD, with
DS2 showing smaller maximum ITD values than other data
sets (Fig. 4; Table 2).

4 MAPPING FROM AID TO ITD

Data sets in this work enable comparison of the ITD
predicted using the SH model and half of AID in place of
the head radius to the ITD estimated from HRIR data. A

550 600 650 700 750
Max ITD (us)

(@)

Table 2. Maximum interaural time difference (ITD) value and
its location (mean £ SD).

ITD Azimuth Elevation
Data set (s) (degree) (degree)
Left ear
DS1 669 + 42 909+ 1.8 53+21
DS2 637 £33 91.8 £ 2.5 50+34
DS3 659 + 36 914+ 3.5 6.0 £3.0
DS4 657 £ 29 94.6 + 4.3 9.6 £4.2
Right ear
DS1 666 + 42 269.0 £ 2.1 5.1+2.1
DS2 638 + 27 269.2 £3.2 74+30
DS3 651 + 35 267.9 £3.2 5.8+33
DS4 665 + 34 269.6 £ 4.0 8.7+4.0

multiplier can now be determined to match the ITD in a
Ziegelwanger and Majdak SH model [16] on the horizontal
plane for each individual to the actual ITD of the individual
using least-squares fitting. The distribution of this multi-
plier is presented for all the persons in all the data sets
(Fig. 5). The grand mean =+ standard deviation value of the
multiplier across all data sets is 1.30 & 0.06.

Next, the relationship between the AID and maximum
ITD value and direction is studied. A model is created to

0.0° 550 600 650 70 750

Max ITD (us)
(b)

Fig. 4 Distributions of the maximum interaural time difference (ITD) magnitude for the positive maximum (a) and for the negative
maximum (b) on DS1 data (N = 170), DS2 (N = 33), DS3 data (N = 44), and DS4 data (N = 42). The normal distributions with the
same mean and SD as in the data set are also depicted. The histograms are calculated for 50-ps bin widths. See Fig. 1 for explanation

of the grouping of bins.
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1.0

Multiplier

Fig. 5. The least-squares fit at zero elevation to find the multi-
plier for each person’s anthropometric interaural distance (AID)
to match the spherical head model interaural time difference (ITD)
prediction to the actual ITD data when half of the AID is used
as the head radius. The bins at the same center value are grouped
together, with the center value indicated on the horizontal axis.
The mean and median multipliers are 1.31 for data set DS1 (N =
170), 1.28 for DS2 (N = 33), 1.24 for DS3 (N = 44), and 1.32 for
DS4 (N = 42).

predict the maximum ITD value when the AID (2r,) is
known. The coefficients {k, m} are found for a regression
model such that this regression model has the best least-
squares fit to the estimated maximum I'TD max(t) observed
for all the persons in the pooled data sets DS1-DS4:

max(t) =k -r, + m. (13)

The least squares estimates can be used to obtain a pre-
diction interval to assess the credibility of each [r,, max(t)]
observation. The prediction interval can be computed as the
product of the predicted standard deviations of each esti-
mate and Student’s ¢ value of the sample data. The standard
deviations are obtained from the covariance matrix of the
estimates, which is given as

Y =o2(H"H)™, (14)

where H is the observation matrix for the linear regres-
sion model and o2 is the variance of the residuals of the
fitted model. The diagonal of X yields the variances {o},
o) of the estimated coefficients {k, 11}, respectively. The
credibility limits for the estimates are

k =k + tyoy, (15)
m=m=*tyo,. (16)

ty is the Student’s ¢ value for sample size N.

This results in coefficients k = (5.53 & 0.69) - 1073 and
m = (286.63 + 47.29) - 1073 at 95% confidence level for
pooled data. The resulting fit on pooled data is shown in
Fig. 6. The resulting residual after applying the regression
(Fig. 7) demonstrates the power of the regression model to
detect the maximum ITD. The actual data deviates from the
regression under 100 ws in all data sets.

5 EXPLANATORY POWER OF THE SH MODEL

This work aims to create an ITD prediction model with
a single anthropometric variable. The SH model by Ziegel-
wanger and Majdak [Eq. (10)] covers the full sphere of
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@m  DS2 v DS4

55 60 65 70 75 80
Half AID (mm)

Fig. 6. Maximum interaural time difference (ITD) correlation to
the anthropometric interaural distance (AID) for pooled DS1 (N
= 170), DS2 (N = 33), DS3 (N = 44), and DS4 (N = 42) data.
The least-squares fit regression line [Eq. (13)] is shown with 95%
confidence limits. DS = data set.

=50
Error from regression line (us)

Fig. 7. The error of predicting the personal maximum interaural
time difference (ITD) using the regression model and the personal
anthropometric interaural distance (AID). The deviation (error) of
the individual maximum ITD from the regression line is shown.
The mean + SD values are 6.2 + 24.5, —23.8 £ 28.0, —14.0 &+
32.5, and 8.2 &+ 30.4 for DS1, DS2, DS3, and DS4, respectively.
The normal distributions are fitted for reference. The histograms
are shown for 50-s bins. See Fig. 1 for explanation of the group-
ing of bins. DS = data set.

sound arrival directions and allows the ear positions to be
presented, representing well the capability of SH models
to describe the ITD. Next, an analysis of the explanatory
power of this SH model is presented.

A scaling factor adjusts the AID dimension. Half of the
AID is used in place of the head radius r, for the SH model
in Eq. (10). The average scaling factor is used for each data
set DS1-DS4. The scaling factors are the mean values seen
in Fig. 5 for DS1-DS4. Additionally, the ear locations are
set using the average maximum ITD directions for each
ear and data set, which are given in Table 2. Several SH
models place the ears antipodally, exactly at 90° relative
to the forward direction. The Ziegelwanger and Majdak
model used in this work assumes that the maximum ITD
occurs when the source of audio is at the opposite direction
to the contralateral ear direction, so there is a relationship
between the direction of the ear and of the maximum ITD.

When 1, ; is the ITD estimated from the HRIR data and
Tp,i 18 the ITD model prediction of the ITD for a subject i,
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the prediction error for the individual is At;, and the mean
prediction error € across all persons becomes

1 & 1<
5 ; At = ; Tei = Tmis (17)

where the total number of subjects in a data set is N.

Large local prediction errors are observed in the SH ITD
model. On average, the SH ITD model has a challenge
predicting ITD correctly particularly in two regions, located
symmetrically in azimuth and at similar elevation, left and
right at (¢, 6) = (80°-120°, 10°-60°) and (¢, 8) = (240°—
280°, 10°—60°) (see Fig. 8). A 50-ps limit is also depicted to
help with understanding where the large deviations between
the SH prediction and actual ITD value are located. All
data sets DS1-DS4 show similar characteristics. The main
finding here is that the systematic deviation is in two main
directions. To account for the local errors, a correction can
be introduced for the poorly modeled directions of Eq. (10).

In Fig. 8(c), the ITD prediction error data shows the
variation along the elevation occurring in synchrony with
the vertical angular sampling. The data is sampled at 5°
elevation intervals. The variation effect appears to be caused
by the left-right impulse response pairs containing a timing
difference in the HRIR data of one sampling period (about
20.8 ps) back and forth in time with changing elevation,
and then the consecutive elevations show the variation seen
in the ITD data.

Also, in Fig. 8, the prediction error data of DS4 shows an
anomaly close to the +15° elevation. This is produced by
the structure of the HRIR data in this elevation, where the
impulse responses show an unexpected early feature in the
contralateral ear HRIR at 15° elevation, which is not seen
in higher or lower elevations.

8¢, 0) =

6 ENHANCED SH MODEL

To create an enhanced model, the authors look at DS1.
The non-linear least squares fit is performed across all per-
sons and in all selected directions to the SH ITD model,
with a factor added to introduce local improvement of the
prediction in specific directions where the SH ITD model
has poor performance.

The enhanced ITD model uses a correction term defined
as a bivariate density function. This is optimized to mini-
mize the maximum error within the two regions in which the
50-ps deviation limit is exceeded. The enhanced model to
estimate the ITD t,,(a, ¢, 0) across the azimuth ¢, elevation
0, and AID aq, is given as

n(a, q)v 9) = bltZ(a/2v q)v e) - b2[P1(d)’ 9) + P2(¢s e)],

(18)

where b; = 1.31 is the multiplier for the Ziegelwanger and
MajdakSH model (Eq. 10) and b, = 0.16 is the multiplier
for the correction term. The coefficient by is obtained as
the average least-squares fit at zero elevation to the AID
DS1. This coefficient can also be seen in Fig. 5. DS1 is
used in determining the model because DS1 contains the
largest number of individuals. The resulting model is then
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Fig. 8. The mean prediction error € of the match of the observed
interaural time difference (ITD) to the spherical head (SH) ITD
model prediction t,. The SH model is scaled using the data set
specific mean multipliers given in Fig. 5, and the data set specific
mean ear positions on the head are given in Table 2. Black lines
indicate the 50-ps level. Data sets from top to bottom are DS1 (N
= 170) (a), DS2 (N = 33) (b), DS3 (N = 44) (c), and DS4 (N =
42) (d).
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Fig. 9. Correction term for the spherical head (SH) model. Black
lines indicate the 50-s level.

applied to the other data sets to study how well this model
can predict ITD for other HRIR data.
The bivariate density functions P; are defined as
Pi(x) ! [ ! ( )’
(X)) = ———exp|— =(X — Wy
J(2m)? det T; 2

19)

where i = {1, 2} and x is the vector expressing the location
in the azimuth and elevation:

x = [66]. (20)

The mean of the value range to be corrected (correction
center location) is set by w; and the covariance matrix X;
describes the correction shape, both appearing in the az-
imuth ¢ and elevation 6. The coefficients for these local
corrections obtained with the least-squares fit (angles ex-
pressed in degrees) are shown below, and the correction
term by (P1(d, 0) + P2(d, 6)) is shown in Fig. 9.

21=::f§f§3§§§i}v @D
e [ 200
o= 2]
o= [27]

In the following, these model parameters are applied to
DS1-DS4. The mean prediction error (Fig. 10) indicates
that the systematic error reduces significantly for all data
sets when the correction term is applied. On average, the
prediction of the enhanced ITD model matches the ob-
served ITD both in the computer-modeled (DS1) and mea-
sured HRIR data (DS2 and DS3) better than £70 s in
all azimuths for positive elevations up to 60°, covering the
essential application range well. This is also true for DS4
except at the 15° elevation region. Note that the model is
derived using the DS1, so it should be expected that DS1
shows the best fit.

The maximum error in DS1 across all persons is less than
189 ws for each direction. The maximum prediction error
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Fig. 10. The mean prediction error € between the interaural time
difference (ITD) data and the enhanced spherical head ITD model
given in Eq. (18). DS1 (a), DS2 (b), DS3 (c) and DS4 (d). Black
lines indicate the 50-ps level. DS = data set.

occurs at 10° elevation and 100° azimuth for left hemisphere
and 0° elevation and 105° azimuth for right hemisphere.
Similarly for DS2, the maximum error is less than 271 s,
and the maximum error directions are (100, —3) and (260,
2). The maximum error occurs around the focal point of the
measurement coordinate system having the least density of
HRIR measurements. For DS3, the maximum error is less
than 242 ps, and the maximum error directions are (115,
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Fig. 11. The distribution of the enhanced interaural time difference
(ITD) model prediction error in each data set across all persons,
all azimuth angles, and elevation angles in the range of —15° to
60°. The median and mean of the prediction error coincide and are
shown as the orange line inside the box. The SD of the prediction
error is represented by the box edges. The prediction errors at the
first and 99th percentiles in the cumulative distribution of the data
set are indicated by whiskers, and the values for these are —55.9
and 55.5 s for DS1, -91.1 and 92.1 ps for DS2, -97.5 and 98.8
ws for DS3, and —118.5 and 121.8 s for DS4. The minimum and
maximum of the prediction error are indicated by round outlier
marks.

0) and (250, 0). The maximum deviation occurs extremely
locally at the direction given. For DS4, the maximum error
is less than 320 s, and the maximum directions are (75,
14) and (280, 14). Because these maxima appear to be as-
sociated more with the local characteristics of the collected
acoustical data, they may not be taken as indications of the
worst prediction quality of the enhanced SH model.

To give an idea of the statistics of the prediction error
for each data set, a box-and-whiskers presentation of the
error is given in Fig. 11. Although the mean and median
errors are close to zero and the SD of the error is small,
there is a small fraction of larger errors. The outliers with
the prediction error larger than the 99th or first percentile
were studied separately.

The first reason for outliers is that for certain persons
the AID was not sufficient to predict the ITD, and the
prediction was systematically either too small or too large.
These persons can be seen as outliers also in Fig. 6. The
second main reason for outliers were persons for whom
the direction of the maximum ITD was far from typical.
These cases can also be seen as outliers in Fig. 3. For these
persons, there is a systematic mismatch to the model as the
maximum ITD direction of the model is fixed and is not
personalized.

The spatial direction of these largest errors is studied in
Fig. 12. The largest proportion of persons exceeding the
first and 99th percentile limits are seen close to the 90° and
270° azimuth for which the JND of the ITD difference is
also known to have large values.

Although the enhanced model correction term that has
been determined using photogrammetrically obtained ITD
data, the correction term also shows reasonable perfor-
mance with acoustically measured data (Figs. 11, 12, and
13).
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Fig. 12. The relative number of subjects in each azimuth-elevation
direction below the first or above the 99th percentile level shown
in Fig. 11. Data sets from the top down: DS1 (a), DS2 (b), DS3
(c), and DS4 (d).

The ITD prediction error can be positive when the actual
ITD value is larger than the prediction or negative when the
prediction is larger than the actual ITD value. The propor-
tion of persons with the maximal prediction error across all
studied directions under a certain limit is given in Fig. 13.
For DS4, the data anomaly at elevations 10°-20° has been
excluded here. This ITD error level can be compared to
known JND of the ITD to understand the likelihood of
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Fig. 13. The proportion of persons with the magnitude of the
maximum interaural time difference (ITD) error in all directions
under the ITD error given on the horizontal axis (a) for the positive
ITD error and (b) for the negative ITD error. For DS4, the data
anomaly at elevations 10°-20° has been excluded. DS = data set.

audibility, although the challenge is that the JND of ITD
change is only known in very few directions and that only
the maximal error across all studied directions is shown.
Simon et al. [30] reported the median JND for ITD at zero
elevation and 90° azimuth as 68—125 s and at 30° azimuth
as 24-44 s using three different measurement methods.
Bombhardt et al. [9] considered JND at zero elevation in the
azimuth range 345°-270° and reported the median JND of
ITD for 32 persons at 270° azimuth direction as 80 s and
at 330° as 30 ps. Andreopoulou and Katz [27] reported
the median JND at 90° as 109.9 us and 30° as 72.5 us.
The difference between this work and [9] is suggested to
be because of differences in the methodology.

7 DIRECT MEASUREMENT OF AID

Using AID for predicting ITD would be particularly in-
teresting if it was possible to directly measure AID on a per-
son. To evaluate the feasibility of this, the AID is measured
mechanically for nine persons in DS1. For this, a gauge
with two 11.2 mm diameter straight-end dowels is used.
The gauge is closed such that the dowels touch lightly at
the bottoms of the left and right ear cava concha. The gauge
position reading is noted, the gauge is removed, and then
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readjusted to the same reading. The distance between the
dowels is recorded as the mechanical AID. This dowel di-
ameter is suitable to reliably touch the cavum concha floor,
a structure typically flush with the ear channel opening,
and not too small such that the dowel would sink inside
the entry of the ear channel. Each person to be measured
moves the arms of the measurement jig. The measurement
on each person is repeated two to three times.

The photogrammetric ear channel entry points are de-
termined in the photogrammetric 3D models. The distance
between these points is taken as the photogrammetrically
determined AID. The mechanically measured AID is on
average 1.0 mm larger than the photogrammetrically esti-
mated AID. The SD across persons in this data set is quite
large, 6.0 mm, whereas the typical SD of repeated mea-
surements for an individual person is 0.8 mm. To put this in
context, 1-mm difference in the AID translates to a about
4.6-ps time difference in the ITD at the maximum. The
sample of persons in this test is small but serves to demon-
strate direct measurement of the AID. The large variation
across persons in this experiment appears to be related to the
seating process with the gauge. The seating is determined
by each person based on how the dowels were touching
the ears. Discussing with the persons, there were variations
in how people interpreted the instructions of “light touch.”
This method does not use an objective means to determine
the contact, such as a pressure switch, and including an ob-
jective indicator may improve the measurement similarity
across persons.

8 DISCUSSION

SH models traditionally describe the ITD using the con-
cept of the head radius as the input, but the head radius
cannot be directly measured on a person. Methods to pre-
dict the head radius using measurements of the head width,
height, and depth have been proposed considering the ITD
at zero elevation [10, 15]. These find the head width to be
the most significant factor in determining the head radius
value. This motivates this study using the AID for predict-
ing the ITD.

The photogrammetrically obtained HRIR DS1 and
acoustically measured HRIR DS2-DS4 display similar
characteristics of the ITD. All data sets DS1-DS4 include
some anthropometric information, but the exact methods
of measurement and selection of anthropometric data dif-
fer slightly, making direct comparisons more difficult. The
participants in the data sets are adults, with the AID ranging
from 110 to 164 mm. The mean AID across all the data sets
is 136 mm.

If there is an error in measuring the AID on a person, this
results in an error in the ITD, which can become audible
when the JND is exceeded. The maximum error occurs
close to 90° and 270° azimuth, at zero elevation. Then, a
1-mm measurement error produces a 4.6-jus error in the
ITD. When the elevation increases or decreases, this error
sensitivity reduces.

The ear channel opens to the concha. The reasonable
estimate for the mean concha depth is found to be 12.2 mm,
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but there is significant individual variation. The correlation
between the head width and concha depth in each person
does not show correlation (Pearson correlation is 0.26 for
DS2 and —0.03 for DS3). Difference in the left and right ear
concha depths is not significant; the concha depth difference
mean is 5.5% (DS2: SD 21%; N = 43) of the personal left
and right concha depth mean.

This material does not allow analyzing the significance
of the combination of the cardinal head dimensions in-
stead of using only the AID as the input data. On the other
hand, the AID may be easier to measure systematically in
the same way as the point in which the ear channel opens
to the concha, whereas methods for head width measure-
ment are somewhat lacking a clear definition. For exam-
ple, Bomhardt et al. [15] measured the head width with a
caliper as the distance between the processus temporalis of
the cheekbones.

All the data sets agree well in terms of the direction and
magnitude of the maximum ITD, but comparing the data
sets requires the use of interpolation because the spatial
sampling close to maximum ITD differs significantly be-
tween the data sets, because the angular quantization close
to the maximum ITD can be large (DS2), and because there
can be significant variability in the measured ITD data par-
ticularly close to the maximum ITD. Directly picking maxi-
mum data values would lead to significant errors both in the
maximum ITD values and their directions. The 2D interpo-
lation using a paraboloid surface fitted in the ITD data in
the vicinity of the maximum ITD offers reasonable estima-
tion of the values and directions of the maximum ITD and
allows comparisons between data sets. Some authors have
used spherical harmonic model fits to HRTF data (see, for
example, [11, 43]), and spherical harmonics could, in prin-
ciple, fit to the complete 3D ITD profile, but these methods
easily become computationally heavy without offering sig-
nificant benefits over local fitting close to the maximum
ITD value for the type of problem being worked with.

Algazi et al. [10] and Bombhardt et al. [15] studied cal-
culation of the head radius. They treated the head radius as
a constant value, tightly linked to the SH concept, and they
mainly looked at the correct way to combine the various car-
dinal head dimensions to produce the constant radius value
with the best fit. Shridhar et al. [11] considered the con-
tributions of the head dimensions to the value of the head
radius, allowing it to vary as a function of frequency, but
did not make the head radius itself a function of direction.

Bomhardt et al. made a similar comparison as the current
authors do between the ITD model and measured ITD data
([15]; Fig. 8; TOA method), although they did not report
a feature similar to the current authors’ local correction.
They used a steep low-pass filter with the corner set at 2
kHz before detecting the ITD in the HRIR data. After a
similar filter is applied to HRIR data, the local variation
reported is no longer visible, demonstrating the effects of
applying low-pass filtering prior to detecting the ITD.

The local enhancement of the accuracy of SH models in
higher elevations for a certain range of directions is demon-
strated to be needed for all the four independent data sets,
which are created by two different methods (simulation of
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acoustics on photogrammetrically modeled geometry and
measured acoustically) and contain a total of 289 individu-
als. All the data sets contain the local feature requiring the
enhancement, although in DS4 the local feature is showing
in a more pronounced way. It is also anticipated that similar
features may exist at negative elevations, but these data do
not allow further analysis of this.

The enhanced SH model is computationally light and
suits personalizing ITD in real-time applications, such as for
virtual reality or gaming. Binauralization tasks frequently
use general HRIRs obtained from a head-and-torso simula-
tor, or HRIRs are obtained with a best-fit selection process
in a library of measurements. These HRIRs are then per-
sonalized for best acceptability. The proposed enhanced
SH model can be applied to personal ITD predictions in
such binauralization applications. Models describing the
time-domain structure of the HRIR [44, 20] allow ITD per-
sonalization because these models represent the ITD effects
explicitly.

9 CONCLUSION

This paper proposes an enhanced SH model describing
personal ITD for a wide range of sound arrival directions.
A photogrammetrically obtained personal HRIR data set
is employed in generating the enhanced SH model. Then,
three acoustically measured HRIR data sets are used in
evaluating the performance of this model. The enhanced SH
model uses the personal AID, the direct distance between
the ear channel entries, instead of the traditional concept of
the head radius. The proposed local enhancement term for
the SH model improves the accuracy for elevation angles
above the ear level. The first and 99th percentile levels of
the ITD prediction error for all persons and in all directions
remain below 122 ps.
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